Abstract-Due to the self-protecting feature, no-insulation (NI) high-temperature superconductor magnets have been regarded as a reliable option to generate high fields, yet their intrinsic charging delay still remains a major drawback. To apply the NI technique for actual high-field user magnets, however, postquench transient behavior of such magnets need to be fully understood, particularly the electromagnetic interaction among magnetically coupled subcoils. Recent publications have shown successful simulations of the transient behavior of a single NI coil or a multicoil magnet using distributed network models. Even though these approaches are very accurate, they often require substantial computation time, especially when multiple iterations are required during design or analysis of an NI magnet having a large number of coils. This paper presents a simple circuit approach that may be effective for quench simulation of multicoil NI magnets. Each NI subcoil in a magnet is lumped into a single inductor with a resistor in series and a resistor in parallel. This approach has allowed us to simulate the whole magnet system within reasonable time without compromising the understanding of mutual interactions of all of the subcoils after quench, namely change in parameters such as voltage, current, and temperature with respect to time and coil to coil normal zone propagation in an electromagnetic manner. We verified the proposed approach by analyzing the quench process in a previously built 7 T, 78 mm all-REBCO NI magnet (by MIT), and by doing the first ever comparison between the simulated results with the data measured from actual experiment.
I. INTRODUCTION
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Digital Object Identifier 10.1109/TASC.2017.2669962 Fig. 1 . Equivalent lumped circuit model of a n-subcoil no-insulation magnet.
of high field magnets. Different designs have been proposed both as insert magnets [3] - [6] and as stand-alone magnets [7] - [10] . Characteristic contact resistance, R c is a key part of a no-insulation magnet and Wang et al. [11] , and Song et al. [12] have investigated to understand the charging -discharging phenomenon, losses and delays associated with it. Song et al.
performed an over-current test on a 7 T, 78 mm NI magnet and found fast electromagnetic normal zone propagation (with the axial normal zone propagation velocity (V z ) of about 0.2 m/s) [13] . Despite some experimental evidence that the NI-MW magnets were self-protecting, before the NI MW technique is applied to actual user magnets, the post-quench behaviors of an NI magnet need to be fully understood. Wang et al. [14] , Markiewicz et al. [15] , Yanagisawa et al. [16] , Ikeda et al. [17] and Wang et al. [18] have produced promising simulations of no-insulation coils using distributed network approaches, yet the computation time with these methods is substantial. In our approach, a double-pancake (DP) coil or a subcoil is modeled as a single inductor (with both self inductance (L) and mutual inductance (M )), with a variable resistor (R q (t)) connected in series and a resistor (R c ) connected in parallel as shown in Fig. 1 . Here R c is the characteristic contact resistance through which the radial bypass current or the leak current (I r (t)) passes during charging/discharging and during 1051-8223 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. quench. R q (t) is the resistance experienced by the azimuthal current or the coil operating current in the coil (I θ (t)) during quench. Using Kirchhoff's law, a set of governing differential equations can be obtained to find time varying current and voltage. Due to the presence of resistances R c and R q (t), there is heat generation in the coil. Hence, the model also, simultaneously, solves the heat equation for time varying temperature. The approach uses a lumped model; hence it is assumed that the current and the temperature do not significantly vary spatially in a double-pancake coil. As the normal zone propagation is fast (for example, 0.2 m/s [13] ), and as the Biot number is less than 0.1, it may be valid to make this lumped assumption. The heat transfer from the coil to the cryogenic environment is assumed adiabatic as the time of quench propagation is short enough in NI HTS magnets. However, to further improve the approach, it is in our intent to incorporate transient heat dissipation, including the liquid helium boiling effect in the future.
II. QUENCH ANALYSIS OF 7 T, 78 MM MAGNET USING LUMPED CIRCUIT MODEL
Using the lumped circuit model as described, a case study was done on the post-quench behavior of the 7 T, 78 mm magnet [13] described earlier. This magnet was a stack of 13 double pancake coils as seen in Fig. 2 . The double-pancake coils were numbered from DP1 to DP13 from the top to the bottom. The data previously obtained from an over-current quench test showed fast normal zone propagation and consequent self-protection [13] . This also allowed to compare our simulation results to the actual experimental data.
Governing equations were obtained for lumped circuit model using the Kirchoff's voltage law and for the lumped heat capacitance and adiabatic heat transfer model as well. Solution to various parameters, including current, voltage, temperature and variable resistance, were obtained by numerically solving the governing equations using MATLAB. Table I summarizes key parameters of REBCO tapes used for the multi-width all-REBCO magnet. The tapes had copper stabilizer layers of residual resistivity ratio (RRR) 50. The average thickness of the stabilizer was 10 μm on each side, i.e., 20 μm total. The average thickness of the tape was 85 μm.
A. Key Parameters of the Conductor
B. Key Parameters of the Magnet
The tapes of varying widths were wound to produce a number of double pancake coils. A group of such coils wound with the same width are called a module. Since there were tapes of five different widths, there are five different modules. The magnet and module parameters are listed in Table II .
Before the experiment in liquid helium at 4.2 K, the coils were operated in liquid nitrogen at 77 K and were charged and discharged to estimate parameters such as characteristic resistance (R c ) and charging time constant. R c of the magnet, essentially a sum of all the turn-to-turn contact resistance values, was measured to be 1.4 mΩ. Average surface contact resistance, R ct is related to R c by the 1 [11] , where w d is the width of the tape, r i is the radius of the i th turn and N t is the total number of turns. The value of R ct was found to be 5.7 μΩ· cm 2 for the 7 T 78 mm magnet. The over-current test was performed at 4.2 K and the magnet quenched when the azimuthal current, I θ reached 312 A. The field angular dependency of the critical current, I c of REBCO conductor at various fields and temperatures have been demonstrated [19] - [24] . Hence, it is important to calculate the I c of each sub-coil during 4.2 K and 312 A operation. The peak radial fields, B r (i.e. field parallel to the "c" axis of REBCO) and the critical current, I c for the coils 
III. RESULTS AND DISCUSSION
The simulation code calculated various time varying parameters including: current, voltage, temperature, critical current and power supply current during the quench. Each parameter is described individually below.
A. Coil Voltage
The measured voltages of all double-pancake (DP) coils are shown in Fig. 4 . The quench was initiated at DP9 when the power supply current reached 343 A. From measured magnetic fields, the azimuthal current (I θ ) was estimated to be 312 A at this situation. The quench then propagates to adjacent coils until all 13 coils quench within 0.2 seconds. The power supply current was also observed to decrease from 343 A to 128 A in 0.3 seconds as the power supply voltage reached its maximum value. Fig. 5 shows the plot of simulated coil voltages with respect to time. It shows similar normal zone quench propagation and all of the coils quench within 0.17 seconds. However, we see discrepancy between the experimental and simulated coil voltage range values. The measured voltages are in a range of − 50 mV to >100 mV, whereas the simulated ones are in the range of − 25 mV to 28 mV. Among coil parameters that quantify post quench behavior (including current, voltage, propagation time and temperature), the characteristic resistance, R c has been found to mainly influence the value of the coil voltages. Variations in the value of R c of a specimen during experiments have been reported [11] . We believe that the discrepancy seen in the coil voltage data between the experiment and simulation can be attributed to the variations and uncertainty in the value of R c . This concern needs to be investigated for further improvement of our code.
B. Power Supply Voltage Saturation and Power Supply Current Reduction
When the simulation was run, the total voltage reached the power supply maximum in about 0.11 seconds as shown in Fig. 6 . When the total coil voltage reached this maximum value, the power supply current started decreasing to maintain the power supply voltage. In another 0.18 seconds, the power supply current discharged to 130 A. This agrees well with the observations during the experiment.
C. Azimuthal Current and Radial Current in the Coil
The plots of azimuthal coil current and the radial coil current are shown in Figs. 7 and 8 . When the quench initiated at DP9, its azimuthal current immediately started to decrease as the resistance in the coil started to increase due to heating. The currents in the neighboring coils immediately started to increase due to electromagnetic coupling and flux conservation, until they reached their critical current values and quenched. After the full quench, all the azimuthal currents in the coils decreased.
D. Rise in the Temperature
Due to the rise in the azimuthal quench resistance, and due to the the radial bypass current through turn-to-turn contacts, there is heating in the coil and the consequent temperature rises. As seen in Fig. 9 , the temperature of the coils reached an average of about 82.9 K. The magnet had an inductance, L of 0.521 H and had stored electromagnetic energy of 25.34 kJ at 312 A azimuthal current, I θ . If all of this energy convert to heat, the final temperature, T 2 of the magnet can be calculated using (2), where V m is the magnet volume and C cd (T ) is the volumetric heat capacity of the magnet. The rise in the magnet temperature came out to be 76.9 K, close to the one that was simulated using the code.
E. Reduction of Critical Current
As the temperature of the coils rises, there is reduction in the critical current of each coil as seen in Fig. 10 . When the operating current is below the I c value, the coil is purely superconducting. When above the I c , the coil enters into the current sharing mode, where the current is shared between the superconductor layer and the copper stabilizer layer. As the temperature never exceeds 93 K (T c for REBCO) in simulation, we do not see a scenario where the REBCO coil is entirely resistive.
IV. CONCLUSION
The post-quench behaviors of a 7 T 78 mm no-insulation (NI) all-REBCO magnet were analyzed using a code based on lumped parameters. The proposed approach is faster and simpler than those based on distributed network models without losing much accuracy. The simulation results were compared with the previously measured data, where the self-protecting feature, i.e. the fast electromagnetic quench propagation among magnetically coupled subcoils, was confirmed in both simulation and experiment. The simulated normal zone propagation time and the current discharge time agreed reasonably well with the experimental ones. However, there exists discrepancy in the predicted voltage range and the experimental one in details. We believe that this is possibly due to uncertainty and variations in key coil parameters especially the characteristic resistance (R c ) of each NI pancake coil. The results may stand for the first attempt to simulate the post quench behavior of an actual NI magnet and compare the results with the experimental ones. There is some room for improvement in the code at this stage, including use of more accurate coil parameters and transient thermal analysis. After further improvement, this code is expected to be used in design and analysis of future high field (>30 T) user magnets.
